The time-dependent density functional theory (TDDFT) method was performed to investigate the hydrogenbonding dynamics of methyl cyanide (MeNC) as hydrogen bond acceptor in hydrogen donating methanol (MeOH) solvent. The ground-state geometry optimizations and electronic transition energies and corresponding oscillation strengths of the low-lying electronically excited states for the isolated MeNC and MeOH monomers, the hydrogen-bonded MeNC-MeOH dimer and MeNC-2MeOH trimer are calculated by the DFT and TDDFT methods, respectively. An intermolecular hydrogen bond N≡C· · · HO is formed between MeNC and methanol molecule. According to Zhao's rule on the excited-state hydrogen bonding dynamics, we find the intermolecular hydrogen bonds N≡C· · · HO are strengthened in electronically excited states of the hydrogen-bonded MeNC-MeOH dimer and MeNC-2MeOH trimer, with the excitation energy of a related excited state being lowered and electronic spectral redshifts being induced. Furthermore, the hydrogen bond strengthening in the electronically excited state plays an important role on the photophysics and photochemistry of MeNC in solutions 
Introduction
Over the past decades, the hydrogen bond has received great attention because of its importance on determining the structural stability of many chemical complexes and biological macro molecules [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Intermolecular hydro- * E-mail: mswang71@126.com (Corresponding author) gen bonding in solution, which is a site-specific solutesolvent interaction between hydrogen donor and acceptor molecules [1] [2] [3] [4] [5] , has been investigated extensively by a variety of experimental and theoretical methods [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . When a solute with a polarizable functional group is dissolved into a protic solvent, the solute and the solvent molecules form an intermolecular hydrogen bond [8] . The electronic ground-state properties of hydrogen bonds have been studied for decades, while much less is known about the properties of hydrogen bonds in the electronically ex-cited state [6, 11, [27] [28] [29] [30] [31] [32] [33] [34] [35] .
The photoexcitation can induce the changes of the hydrogen bonding due to the charge redistribution in the different electronic states. This is the so-called electronic excited-state hydrogen bonding dynamics [7, [36] [37] [38] [39] [40] . The excited-state hydrogen bonding dynamics, which always occurs on ultrafast timescales mainly set by vibrational motions of the hydrogen donor and acceptor groups, controls the excited-state dynamics of hydrogen-bonded complexes in a significant way. Recently, Zhao et al. have demonstrated that the hydrogen bonding dynamics in electronically excited states is significantly associated with many important electronic excited-state phenomena in the hydrogen bonding environment. At the same time, they have demonstrated for the first time that the intermolecular hydrogen bond can be significantly strengthened in the electronically excited state, and this electronic excite-state hydrogen bond strengthening is tightly associated with many photochemical and photophysical phenomena, such as ultrafast internal conversion (IC) and intersystem crossing (ISC) [8, 9] , vibrational energy relaxation (VER) [11] , twisted intramolecular charge transfer (TICT) [12] , photoinduced electron transfer (PET) [23] , fluorescence quenching [39] .
Methyl isocyanide, which plays a significant role in polymer chemistry as well as in catalysis, is of great practical and theoretical importance since it is substantial ligands in coordination chemistry. In methanolic solvents, intermolecular N≡C· · · HO hydrogen bond can be formed between MeNC and methanol molecules, which has been demonstrated by the spectroscopic experiments [41] [42] [43] [44] [45] and theoretical computations [46] [47] [48] [49] . Herzberg [41] researched methyl isocyanide by means of infrared and Raman spectra. The infrared and Raman spectra studies have shown that methyl isocyanide has symmetrictop configurations. Brockway [42] investigated the NC Bond in methyl isocyanide, and showed the linear configuration indicates the triple bond structure predominates in determining the properties of methyl isocyanide. Kessler and coworkers [43] studied microwave spectra and molecular structure of methyl isocyanide, and measured certain of the pure rotational lines of methyl isocyanide. Szilagyi [44] studied infrared spectra of methyl isocyanide adsorbed on Pt/SiO. Gordy and Pauling [45] studied the molecular structure of methyl isocyanide and found the molecule is linear, with interatomic distances H 3 NC=1.44 ± 0.02 Å and NC=1.18 ± 0.02 Å. Badger et al. [46] studied further the analysis of the spectra of methyl isocyanide, and reported a lot of new data on harmonic bands in the photographic infrared. Halonen et al. [47] investigated harmonic force field and r z structure of methyl isocyanide. For the first time, Venkateswarlu and Purushothaman [48] studied mean amplitudes of vibration and thermodynamic properties of methyl isocyanide, and the mean amplitudes of vibration, which are useful in electron diffraction studies. Tang et al. [49] studied hydrogen bond formation in methyl isocyanide and methanol systems by ab initio MO methods. Obviously, the research on intermolecular N≡C· · · HO hydrogen bond in electronically excited states of methyl isocyanide and methanol systems is limited.
Consequently, in this paper, we research the groundstate structures and electronic transition energies as well as corresponding oscillation strengths of the lowlying electronically excited states of the isolated MeNC monomer, the isolated MeOH monomer, the hydrogenbonded MeNC-MeOH dimer and the hydrogen-bonded MeNC-2MeOH trimer using the density functional theory (DFT) and time-dependent density functional theory (TDDFT) methods, respectively. At the same time, the electronic excited-state hydrogen bonding dynamics for the hydrogen-bonded MeNC-MeOH dimer and the hydrogen-bonded MeNC-2MeOH trimer are also discussed. In addition, we also mention the free MeNC monomer and the isolated MeOH monomer for comparison. Zhao et al. have demonstrated that the DFT and TDDFT methods can effectively describe the intramolecular and intermolecular excited states [7-12, 18, 22, 50-74] . Moreover, some weak interactions in many molecular systems have been described by DFT or TDDFT methods with comparable accuracy to the higher level. Sakaki et al. [75] [76] [77] [78] [79] [80] have excellently investigated the intermolecular and intramolecular weak interactions as well as the bonding nature of the transition metal-silylene complexes with DFT and other high-level methods.
Theoretical methods
The geometric optimizations of the hydrogen-bonded MeNC-MeOH complexes considered here as well as the isolated MeOH and MeNC molecules for the ground state were performed using density functional theory (DFT) with Becke's three-parameter hybrid exchange function with Lee-Yang-Parr gradient-corrected correlation functional (B3LYP hybrid functional) [81] . 6-31G basis set was chosen as basis sets throughout. The electronic transition energies as well as corresponding oscillation strengths of the low-lying electronically excited states of all the compounds were correspondingly calculated using the time-dependent density functional theory (TDDFT) method with the B3LYP hybrid functional and the 6-31G basis set [81, 82] . All the electronic structure calculations were carried out using the Gaussian 03 program suite 1 .
Results and discussion
The ground-state geometric conformations of the isolated MeNC monomer, the isolated MeOH monomer and the hydrogen-bonded MeNC-MeOH dimer as well as the hydrogen-bonded MeNC-2MeOH trimer are fully optimized and shown in Figure 1 . The electronic excitation energies as well as the oscillation strengths of the low-lying electronically excited states for the isolated MeNC monomer, the isolated MeOH monomer and the hydrogen-bonded MeNC-MeOH dimer as well as the doubly hydrogenbonded MeNC-2MeOH complex are calculated using the TDDFT method and presented in The frontier molecular orbitals (MOs) of the isolated MeNC, the isolated MeOH monomers, the hydrogenbonded MeNC-MeOH dimer and the doubly hydrogenbonded MeNC-2MeOH complex are shown in Figure 2 . The orbital transition contributions for the singlet states are also listed in Table 2 . Because we will discuss predominantly S 1 states of the hydrogen-bonded MeNC-MeOH dimer and the doubly hydrogen-bonded MeNC-2MeOH complex, only the HOMO, LUMO, and LUMO+1 orbitals are presented here. According to our TDDFT result, the S 1 state of the hydrogen-bonded MeNC-MeOH dimer is corresponding to the orbital transition from HOMO to LUMO. It is evident that the electron density of HOMO is localized in the MeOH molecule.
However, the electron density of LUMO is delocalized to the MeNC molecule. Thus, the electron density of the MeNC molecule will be increased in the S 1 state of the hydrogen-bonded MeNC-MeOH dimer, so it can be expected the hydrogen-bonded MeNC-MeOH dimer should be the electron density transition between the MeOH molecule and the MeNC molecule in the S 1 state due to the electron density transition. While the S 1 state of the doubly hydrogen-bonded MeNC-2MeOH complex is corresponding to the orbital transition from HOMO to LUMO. It can be clearly seen the electron density of HOMO is localized in two MeOH molecules. However, the electron density of LUMO is mainly delocalized to the MeNC molecule. As a result, the electron density of the MeNC molecule will be increased in the S 1 state of the doubly hydrogen-bonded MeNC-2MeOH complex. Due to the electron density transition between the MeOH molecule and two MeNC molecules, the hydrogen-bonded MeNC-2MeOH trimer should be induced electron transfer in the S 1 state. Thus, we hold the opinion that the intermolecular hydrogen bond N≡C· · · HO strengthening in excited states is beneficial for electron density transition between the MeOH molecule and the MeNC molecule.
Conclusions
In this work, we have theoretically investigated the isolated MeNC monomer, the isolated MeOH monomer, the hydrogen-bonded MeNC-MeOH dimer, and the hydrogen-bonded MeNC-2MeOH trimer. The groundstate geometric structures optimizations and electronic transition energies as well as corresponding oscillation strengths of the low-lying electronically excited states were performed by the DFT and TDDFT methods, respectively. We find that one intermolecular hydrogen bond N≡C· · · HO is formed between MeNC and methanol molecules in the hydrogen-bonded MeNC-MeOH dimer, and two intermolecular hydrogen bonds N≡C· · · HO are formed between MeNC and methanol molecules in the doubly hydrogen-bonded MeNC-2MeOH trimer. In addition, electronic excited-state hydrogen bonding dynamics of the hydrogen-bonded MeNC-MeOH dimer and the hydrogen-bonded MeNC-2MeOH trimer are also theoretically discussed. According to Zhao's rule on the excitedstate hydrogen bonding dynamics, the intermolecular hydrogen bonds N≡C· · · HO are significantly strengthened in both the low-lying singlet and triplet electronically excited states of the hydrogen-bonded MeNC-MeOH dimer and the hydrogen-bonded MeNC-2MeOH trimer, and the intermolecular hydrogen bonds strengthening can induce electronic spectral redshift. As a result, electronic excited-state hydrogen bond strengthening for the hydrogen-bonded complexes formed by MeNC and methanol molecules plays an important role on the photophysics and photochemistry of MeNC in solutions.
